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ABSTRACT
We present an optical and infrared (IR) study of IC 10 X-2, a high-mass X-ray binary in the galaxy
IC 10. Previous optical and X-ray studies suggest X-2 is a Supergiant Fast X-ray Transient: a
large-amplitude (factor of ∼ 100), short-duration (hours to weeks) X-ray outburst on 2010 May 21.
We analyze R- and g-band light curves of X-2 from the intermediate Palomar Transient Factory
taken between 2013 July 15 and 2017 Feb 14 show high-amplitude (& 1 mag), short-duration (. 8
d) flares and dips (& 0.5 mag). Near-IR spectroscopy of X-2 from Palomar/TripleSpec show He I,
Paschen-γ, and Paschen-β emission lines with similar shapes and amplitudes as those of luminous blue
variables (LBVs) and LBV candidates (LBVc). Mid-IR colors and magnitudes from Spitzer/IRAC
photometry of X-2 resemble those of known LBV/LBVcs. We suggest that the stellar companion in
X-2 is an LBV/LBVc and discuss possible origins of the optical flares. Dips in the optical light curve
are indicative of eclipses from optically thick clumps formed in the winds of the stellar counterpart.
Given the constraints on the flare duration (0.02− 0.8 d) and the time between flares (15.1± 7.8 d),
we estimate the clump volume filling factor in the stellar winds, fV , to be 0.01 < fV < 0.71, which
overlaps with values measured from massive star winds. In X-2, we interpret the origin of the optical
flares as the accretion of clumps formed in the winds of an LBV/LBVc onto the compact object.
1. INTRODUCTION
High-mass X-ray binaries (HMXBs) are accretion-
powered binary systems consisting of a neutron star
(NS) or black hole accreting matter from its compan-
ion high-mass star (> 10M). HMXBs are historically
divided into two classes based on their method of ac-
cretion: BeXBs, which accrete from circumstellar disks
around an emission-line B (Be) donor star, and super-
giant HMXBs (sgHMXBs), which have Roche lobe over-
flow or stellar winds from an early spectral type super-
giant OB donor stars (see Chaty 2014 for a review).
Since its launch in 2002, INTEGRAL has led to the
discovery of a subclass of sgHMXBs called supergiant
fast X-ray transients (SFXTs). SFXTs exhibit unusu-
ally high-amplitude (∼ 1000), bright (∼ 1036-1037 erg
s−1), fast (minutes to days) outbursts compared to those
of regular sgHMXB (Ducci et al. 2014). These outbursts
are inconsistent with orbital motion of the neutron star
through a smooth medium. Several accretion models
have been proposed. One group of models attributes
the outbursts with accretion of denser “clumps” in a
inhomogeneous, anisotropic stellar wind (e.g. Sidoli et
al. 2007; Walter & Zurita Heras 2007; Negueruela et al.
2008). Another group involves accretion-gating mecha-
nisms, where variations in accretion onto the compact
object arise from transition stages between magnetic
and centrifugal barriers (see Illarionov & Sunyaev 1974;
Bozzo, Falanga, & Stella 2008; Drave et al. 2014 and
references within). Liu et al. (2001) suggests that some
wind-fed sgHMXBs evolved from BeHMXBs, but the re-
lationship between SFXTs and sgHMXBs remains un-
clear.
Laycock et al. (2014) reported the discovery of IC 10
X-2, another HMXB, based on Chandra measurements
of X-ray outbursts in 2003 and 2010. The aspect cor-
rected coordinates for IC 10 X-2 are RA: 00h20m20s.94,
Dec: 59◦17m59s.0, with a 95% confidence region of ra-
dius 0.6”. It was reported to exhibit an X-ray outburst
with peak luminosity 1.8×1037erg s−1 for the best-fitting
power-law spectral model. A second outburst in 2010
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2May (MJD 55337.5) was constrained to have a duration
less than 3 months. Based on IC 10 X-2’s X-ray and
optical spectra, Laycock et al. (2014) posited that its
primary star is a nitrogen-enriched B supergiant star,
calling it a “luminous blue supergiant”. The B-type su-
pergiant appearance opens the question of whether the
primary star is a luminous blue variable (LBV).
LBVs are massive evolved stars that exhibit extreme
luminosities (∼ 105−106 L), strong spectral variability
(Teff ∼ 7000− 20000 K), and eruptive mass loss as high
as ∼ 1 M yr−1 on decade-long timescales (Smith 2014).
LBVs, however, are difficult to classify due to the range
of spectroscopic and photometric properties that they
span.
In order to investigate the nature of IC 10 X-2, we
study its optical and IR counterpart using data from
the intermediate Palomar Transient Factory (iPTF)
and archival multi-epoch imaging observations taken by
Spitzer/IRAC. In addition, we present JHKs photome-
try and near-IR spectroscopy of IC 10 X-2 taken at Palo-
mar Observatory in 2016 July. We compare the near-IR
spectroscopic features and the mid-IR color/magnitude
of X-2 against various classes of supergiant stars to clas-
sify the stellar counterpart. We then study the optical
light curve and consider possible accretion scenarios that
result in SFXT flares.
2. OBSERVATIONS AND DATA REDUCTION
The primary source of our near-IR data was the In-
frared Array Camera (IRAC) onboard the Spitzer Space
Telescope. In its cold phase, IRAC imaged in four chan-
nels denoted by their wavelengths in microns ([3.6], [4.5],
[5.8], and [8.0]). On 2009 May 15, IRAC transitioned to
its warm phase, imaging only in channels [3.6] and [4.5].
X-2 was observed once during the cold phase and ten
times during the warm phase.
X-2 was also imaged by the DUSTiNGS (Dust in
Nearby Galaxies with Spitzer) program, a sample of 50
dwarf galaxies within 1.5 Mpc mapped with IRAC chan-
nels [3.6] and [4.5] (Boyer et al. 2015).
In addition, we performed near-IR imaging in the
JHKs channels and near-IR spectroscopy at Palomar
Observatory on 2016 Jul 18. All IR fluxes are listed in
Table 1.
2.1. Spitzer photometry
We demonstrate mid-IR variability concurrent with
the 2010 X-ray outburst by constructing a light curve
using archival Spitzer IRAC images. The flux density
was calculated using a circle with 2.5” radius centered
at X-2. Background flux density was calculated from an
annulus centered at IC 10 X-2 with 3.5” inner radius
and 6” outer radius to avoid contamination from nearby
bright sources. The raw data (counts) were photomet-
rically calibrated using IRAC specifications from Cutri
et al. (2008), giving fluxes in mJy. The 1-σ uncertainty
in the counts and fluxes were calculated by multiplying
the uncertainty in the mean counts of the background
annulus by the area of the 3” circle.
2.2. P200 Near-IR Imaging and Spectroscopy
To complement the Spitzer images, we obtained near-
infrared images of IC 10-X2 in the J , H, and Ks bands
on 2016 July 18 using the Wide Field Infrared Cam-
era (WIRC; Wilson et al. 2003) on the 200-in. Hale
Telescope at Palomar Observatory (P200). To allow ac-
curate subtraction of the sky background, we took well-
dithered sequences of 18 exposures of 60 s integration
in J , 19 exposures of 25 s integration with 2 coadds in
H, and 22 exposures of 15 s integration with 2 coadds
in Ks, for total integration times of 1080 s in J , 950 s
in H, and 660 s in Ks. Imaging reductions, including
flat-fielding, background subtraction, astrometric align-
ment, and stacking of individual frames were performed
using a custom pipeline. The photometric zero points of
the final images were measured using aperture photom-
etry of 7 isolated 2MASS stars in the field. Flux density
was calculated using a circle with 3” radius centered at
IC 10 X-2. Background flux density was calculated from
an annulus centered at IC X-2 with 5” inner radius and
10” outer radius. Fluxes were converted to magnitudes
assuming a Gaussian distribution of combined uncer-
tainties from the 2MASS star zero-points and the X-2
photometry.
Near-infrared spectroscopy was performed using the
Triple Spectrograph (TripleSpec) instrument during the
same observation run to complement visible-spectrum
spectroscopy by Laycock et al. (2014). We observed IC
10-X2 on 2017 July 8 with the near-IR Triple Spectro-
graph (TripleSpec) on the 200-in. Hale Telescope at
Palomar Observatory. TripleSpec uses a 30 × 1 arcsec
slit to obtain a JHK spectrum from 1–2.4 µm with a
resolving power of 2500–2700. We obtained a sequence
of 8 300 s exposures, for a total integration time of 2400
s. TripleSpec data were reduced using standard proce-
dures with bias and flat field corrections. Wavelengths
were calibrated against atmospheric lines.
2.3. iPTF g- and R-band Photometry
We used optical photometry of IC 10 X-2 from the
IPAC/iPTF Discovery Engine (or IDE), which is de-
scribed by Masci et al. (2017). Raw images from the
Palomar 48-inch Samuel Oschin Schmidt Telescope and
are run through a real-time pipeline, which performs
basic calibration, then sent to PTFIDE, the image-
differencing and transient extraction module. The im-
ages are returned to the pipeline for archiving, database-
loading, and machine-learned vetting. The overall prod-
3Figure 1. False color image of IC 10 taken with J (blue), H (green), and KS (red) band filters by P200/WIRC on 2016 July 18.
The 1 × 1’ yellow box overlaid on the image is centered on IC 10 X-2 and corresponds to the field of view of the P200/WIRC
KS and Spitzer/IRAC Ch1 images shown on the right. The black circle overlaid on the images in the right is centered on the
near- and mid-IR counterparts of IC 10 X-2 and represents the 3”-radius aperture used to perform the photometry.
ucts of the iPTF pipeline and PTFIDE are difference
images, mask and uncertainty images, and QA metrics,
in addition to candidate transient catalogs with PSF-
fit and aperture photometry, and thumbnail images of
transient candidates. Optical light curves in the R and
g bands, spanning 2010 Nov 14 to 2017 Feb 14 and 2009
Aug 25 to 2017 Jan 10 respectively, were generated for
IC 10 X-2.
3. RESULTS AND ANALYSIS
3.1. IR and Optical Light Curves of IC 10 X-2
An IR light curve of IC 10 X-2 is shown in Fig. 2.
Between the initial mid-IR observations taken 2004 July
23 and more recent observations taken from 2010 - 2016,
the [3.6] and [4.5] flux densities from X-2 decrease fac-
tors of 0.3 (∼ 2σ) and 0.35 (∼ 4σ), respectively. Four
months prior to the 2010 May X-ray outburst, .month-
timescale variability is detected between 2010 Jan 29
and 2010 Feb 19 where the [3.6] and [4.5] fluxes de-
creased by factors of 0.30 and 0.35, respectively.
Serendipitously, the three mid-IR observations preced-
ing the outburst by ∼ 2 − 4 months were taken within
∼weeks - months of Chandra/ACIS-S non-detections on
2010 Feb 11 and Apr 4 (Laycock et al. 2014). After the
X-ray outburst, there is no obvious evidence of variabil-
ity in the mid-IR with observations over the following
∼ 6 yr. Post-outburst, the [3.6] and [4.5] fluxes exhibit
approximately constant values of 0.20 and 0.15 Jy, re-
spectively.
Both the optical R- and g-band light curves of X-2 ex-
hibit high amplitude, short-duration flares that deviate
significantly (> 5σ) from the quiescent brightness levels
(Fig. 2). The median, “quiescent” magnitudes in the R
and g bands were 18.64 ± 0.05 and 20.17 ± 0.08 Vega
mag, respectively. A Lomb-Scargle periodogram anal-
ysis of the R-band light curve provided no significant
periodicity in the variability.
A flare was defined to be a brightening event with an
amplitude greater than 5σ above the quiescent magni-
tude. The brightest observed flare in the R-band oc-
curred on 2013 Oct 10 (MJD 56575) and exhibited an
amplitude of 1.32 mag. There were two detections of
the 2013 Oct 10 flare taken 0.15 d apart, which provides
a lower limit on the flare duration. Notably, this is the
longest observed flare duration measured in the optical
light curves. Upper limits were placed on the duration
of each flare by defining the start and end of each flare
to be magnitudes within or below 1σ of the quiescent
4Table 1. IC 10 X-2 IR fluxes
MJD UT start time Filter Fluxesa Inst. or Database
(s) (mJy)
2000-09-16 51803 JHKs 0.419 ± 0.06, 0.708*, 0.421* 2MASS
2004-07-23 53209 [3.6], [4.5], [5.8], [8.0] 0.335 ± 0.02, 0.282 ± 0.01, 0.21 ± 0.04, 0.20 ± 0.03 IRAC
2010-01-29 55225 [3.6], [4.5] 0.236 ± 0.02, 0.184 ± 0.01 IRAC
2010-02-19 55246 [3.6], [4.5] 0.196 ± 0.02, 0.141 ± 0.01 IRAC
2010-03-10 55265 [3.6], [4.5] 0.234 ± 0.02, 0.152 ± 0.01 IRAC
2010-09-09 55448 [3.6], [4.5] 0.216 ± 0.02, 0.159 ± 0.01 IRAC
2010-10-04 55473 [3.6], [4.5] 0.223 ± 0.02, 0.164 ± 0.01 IRAC
2010-10-14 55483 [3.6], [4.5] 0.198 ± 0.02, 0.146 ± 0.01 IRAC
2011-09-24 55828 [3.6], [4.5] 0.199 ± 0.02, 0.150 ± 0.01 IRAC (DUSTiNGSb)
2012-04-04 56021 [3.6], [4.5] 0.214 ± 0.02, 0.152 ± 0.01 IRAC (DUSTiNGSb)
2015-03-11 57092 [3.6], [4.5] 0.184 ± 0.02, 0.138 ± 0.01 IRAC (DUSTiNGsc)
2016-03-23 57470 [3.6], [4.5] 0.199 ± 0.02, 0.145 ± 0.01 IRAC (DUSTiNGsc)
2016-07-18 57587 JHKs 0.382 ± 0.06, 0.346 ± 0.03, 0.396 ± 0.08 WIRCd
a* denotes upper limits.
bPID 80063, Goldman et al. (in prep).
cPID 11041, Goldman et al. (in prep).
dThe WIRC instrument was dithered at five positions in three quadrants (avoiding a quadrant with bad pixels).
brightness. The average upper limit determined for each
flare is 8.0 d.
An average timescale between flare events of 15.1±7.8
d is derived for the R-band light curve of X-2. The > 60
d gaps in the light curve with no coverage of X-2 were
omitted from this calculation. Interestingly, there were
no flares observed at R- nor g-Band between 2015 Aug 5
(MJD 57239.4) and the end of the observations on 2017
Feb 14 (MJD 57798.1)
Short-duration and significant dips in brightness (>
5σ) are also apparent in both R- and g-band light curve
in light curves of X-2. Only the dip on 2014 Jul 24 (MJD
56862.3) was detected with multiple consecutive obser-
vations, which provides a lower limit on the dip duration
of 0.10 d. The highest amplitude dip was observed on
2015 Jan 25 (MJD 57047.2) and decreased to 0.62 mag
below the quiescent brightness.
3.2. Near-IR Spectroscopy
The TripleSpec instrument detected near-IR contin-
uum emission from X-2 and three emission lines with
high signal-to-noise ratio (see Fig. 3). We identified
them as Helium I (He I, 1.0819 µm), Paschen-Gamma
(Pa γ, 1.0926 µm), and Paschen-Beta (Pa β, 1.2805 µm).
Comparing to their rest frame wavelengths at 1.0830
µm, 1.0933 µm, and 1.2815 µm gives blueshifts of −314
km s−1, −332 km s−1, and −307 km s−1, which are con-
sistent with the −340 km s−1 for IC 10 (Laycock et al.
2014).
The center wavelengths and full-widths at half max-
imum (FWHM) were determined from Gaussian fits in
CurveFitMathematica1, a Mathematica package. The
FWHM were corrected for instrument resolution accord-
ing to the equation:
FWHMcorrected =
√
FWHM2obs − FWHM2instr (1)
using the average spectral resolution 2600, from the
2500 − 2700 spectral resolution provided in TripleSpec
instrument documentation.
The Pa γ and Pa β emission lines exhibit velocity
widths near the 120 km s−1 spectral resolution of Triple-
Spec. The velocity width of the He I 10830 A˚ emission
line, which provides a valuable diagnostic on the phys-
ical properties of stellar winds from massive stars (e.g.
Groh et al. 2007 is ∼ 230 km s−1. This velocity is con-
sistent with winds from quiescent LBVs (Smith 2014;
Humphreys et al. 2017) and the dense equatorial out-
flows from sgB[e] stars (de Wit et al. 2014) but slower
than the & 1000 km s−1 outflows exhibited by OB su-
pergiants and WR stars.
1 http://www.sophphx.caltech.edu/CurveFit/
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Figure 2. IC 10 X-2 near-IR and optical light curve, constructed from 11 Spitzer epochs (spanning 2004 Jul 23/52309 MJD
to 2016 Mar 23/57470 MJD), 1 WIRC epoch, and optical data from iPTF. The [3.6] and [4.6] flux densities (mJy) drop by
factors of 0.30 (∼ 2σ) and 0.35 (∼ 4σ) respectively shortly before the 2010 May X-ray outburst (dashed line, 55337 MJD). The
quiescent levels for [3.6] and [4.5] were calculated as a simple average of the four most recent fluxes.
The arrows on the first set of H and Ks indicate that those fluxes are upper limits from the 2MASS database (size of errors
unknown). The upward-pointing dark grey arrows indicate the X-ray detection epochs from Laycock et al. (2014); the upward-
pointing light gray arrows indicate non-detections.
In the optical bands, the median magnitude is plotted, with 1 σ and 5 σ levels denoted.
Inset: A close-up of a densely sampled R-band light curve, showing several flares (defined to be ≥ 5σ detections).
4. DISCUSSION
4.1. On the Nature of the IR Counterpart: an LBV
Candidate
In order to discern the nature of X-2’s stellar counter-
part, we compare its near-IR spectum with the Groh et
al. (2007) spectral atlas around He I 10830 A˚ encompass-
ing four categories of stars: (1) Be type, (2) LBV/LBV
candidates (LBVc)/ex- or dormant LBVs, (3) OB super-
giants, and (4) Wolf-Rayets. The ∼ 230 km s−1 width
of X-2’s He I peak rules out the Wolf-Rayet class, which
exhibits a broad (& 1000 km s−1) He I emission line.
Additionally, Wolf-Rayet stars are typically Hydrogen-
poor which contradicts the clear presence of Hydrogen
in X-2. X-2 has equally strong He I and Pa γ lines,
ruling out OB supergiants, in which the former is much
stronger than the latter. In the remaining two cate-
gories, X-2 most resembles the LBVc W243 (Clark &
Negueruela 2004) and the classical Be star HD 120991
that exhibit He I and Pa γ lines of similar amplitude and
width. It should be noted that LBVs exhibit spectro-
scopic variability, altering the relative strengths of the
lines.
Another means of classifying the IR counterpart of
IC 10 X-2 came from plotting its [3.6] color vs. [3.6] -
[4.5] magnitude on a color-magnitude diagram (CMD) of
known supergiant stars in the Large Magellanic Cloud
(LMC) with Spitzer counterparts shown in Fig. 4 of
Bonanos et al. (2009). The original color-magnitude di-
agram was recreated from online data published by Bo-
nanos et al. (2009). We used µ = 18.91 for the LMC
distance modulus (Bonanos et al. 2009), and µ = 24.1
for the galaxy IC 10 (Laycock et al. 2014). Throughout
the observed mid-IR evolution, X-2 occupies a region in
the mid-IR CMD consistent with A-, F-, G-type super-
giants (AFG/comp in Fig. 4), late and early B-type su-
pergiants, Wolf Rayets, and LBVs. Notably, X-2 is over
two magnitudes brighter at 3.6 µm than the Be-XRB,
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Figure 3. (a) He I, Paschen-Gamma (Pa γ), and Paschen-Beta (Pa β) emission lines detected with strong (>5) signal-to-noise
ratio in the TripleSpec observations. The observed blueshifted and rest frame wavelengths for the three lines are indicated by the
green and red dashed lines respectively. The latter two lines are close to the instrument resolution limit. The apparent double
peak in the plot for Pa γ is most likely an artifact. (b)-(e) IC 10 X-2’s rest-frame spectrum plotted with representative spectra
of various stars from Groh et al. (2007). The other lines, denoted with solid black, dashed grey, and solid grey, correspond to the
following stars. (b) LBVs: W243 A2 Ia, HD 316286, and AG Carinae. (c) Wolf-Rayet stars: WR 90 WC7, WR 136 WN6(h),
WR6 WN4. (d) OB stars: HD 152408 O8 Iafpe, HD 80077 B2 Ia+, HD 169454 B1 Ia+. (e) Be stars: χ Oph B1.5Ve, δ Sco
B0.31Ve, χ Per B0Ve.
which implies that the IR counterpart is unlikely a clas-
sical Be star. Wolf-Rayet and Early B-type supergiants
are ruled out based on the properties of their near-IR
emission lines discussed above. It is unlikely that X-2
is an AFG/late-B supergiant given the hardness of the
radiation field required to produce the observed near-IR
emission lines (Fig. 3) noting also the absence of these
feature in early B supergiants. We therefore interpret
X-2 as an LBV/LBVc, which is supported by the pres-
ence of characteristic optical emission lines revealed by
Laycock et al. (2014) (e.g. He II 4686).
LBVs typically exhibit luminosities greater than a few
times 105 L (Smith 2014). It is difficult to deter-
mine the bolometric luminosity of X-2 due to uncer-
tainties in the line of sight extinction; however, Lay-
cock et al. (2014) estimate extinction-corrected V-band
magnitudes of X-2 as MV = −6.78 for optically derived
de-reddening and MV = −7.51 for X-ray derived de-
reddening. Assuming a bolometric correction of −1.68
mag, the approximate value for the LBV AG Carinae in
2002 March-July (Groh et al. 2009a), we estimate the
luminosity of X-2 to be ∼ 2 − 4 × 105 L. This range
of luminosities is consistent with the values exhibited
by lower luminosity LBVs. We note that although the
bolometric corrections will depend on the effective tem-
perature of the star, there are LBVs that have abso-
lute visual magnitudes consistent with X-2 (MV ∼ −7;
Humphreys et al. 2014).
4.2. Mid-IR Free-Free Emission from Ionized Winds
Massive stars with strong winds such as LBV and
Wolf-Rayet stars can exhibit an IR excess due to free-
free emission from their outflows (e.g. Cohen et al.
1975). However, an IR excess may also be attributed to
the presence of warm circumstellar dust. We attempt
to distinguish the nature of the mid-IR emission by per-
forming a power-law fit, Fν = C λ
α mJy, to the 3.6, 4.5,
5.8 and 8.0 µm photometry taken 2004 Jul 23. The best-
fit provides C = 0.9 ± 0.2 mJy and α = −0.76 ± 0.12.
This slope is consistent with the predicted α ∼ −0.6
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Figure 4. [3.6] - [4.5] color vs. [3.6] absolute magnitude of massive stars with IRAC counterparts in the Large Magellanic Cloud
from Figure 2 of Bonanos et al. (2009). IC 10 X-2 is plotted over eleven epochs spanning 2004 to 2016 (see color bar and inset).
The error bar for the color and absolute magnitude of X-2 was calculated from uncertainties in the flux. The IC 10 distance
modulus was taken to be 24.1 (Laycock et al. 2014).
value for free-free emission from an ionized outflow from
a star with a spherical expansion and constant velocity
(e.g. Wright & Barlow 1975). The source of the mid-IR
emission is unlikely due to dust given that color tem-
perature estimates for the mid-IR emission at 3.6 and
4.5 µm indicate values of ∼ 1700 K, which is hotter
than dust sublimation temperatures (∼ 1200 K; Draine
2011). We therefore interpret the IR excess from X-2 as
free-free emission.
Work by Humphreys et al. (2017) on distinguishing
LBVs/LBVcs and supergiant B[e] stars shows that the
IR spectral energy distribution from LBVs exhibit free-
free emission with no evidence for warm circumstellar
dust. Most supergiant B[e] stars however, are found to
have warm circumstellar dust. Humphreys et al. (2017)
also indicate that dusty/non-dusty LBV/sgB[e] stars are
clearly separated in mid-IR color space, where stars with
[3.6]− [4.5] < 0.5 do not show warm circumstellar dust.
This distinction between sgB[e] and LBV stars is also
noticeable in Fig. 4 and supports the interpretation of
X-2 as an LBV/LBVc.
If the mid-IR flux originates from free-free emission in
the winds of IC 10 X-2’s optical counterpart, the fluxes
can be used to estimate its mass-loss rate (e.g. Fuchs et
al. 2006). Adopting the formalism of Wright & Barlow
(1975) and assuming a thick geometry for the wind (i.e.
the ratio of structural size scales in the outflow do not
exceed ∼ 10), the mass-loss rate, M˙w, is related to the
mid-IR flux at 4.5 µm, F4.5, and other outflow properties
as follows:
M˙w ∼ 6× 10−5 µ
γ
1/2
e g1/2 Z
(
d
660 kpc
)3/2
·(
F4.5
174µJy
)3/4 ( vw
200 km s−1
)
M yr−1, (2)
where µ = 1 is the mean molecular weight per nucleon,
d is the distance to IC 10 X-2, vw is the wind velocity,
γe = 1 is the number of free electrons per nucleon, g = 1
is the Gaunt factor, Z = 1 is the mean charge per ion.
The mass-loss rates determined by Eq. 2 from the range
of fluxes exhibited by IC 10 X-2 at 4.5 µm is M˙w ≈
3× 10−5 − 10−4 M yr−1 , which is consistent with the
mass-loss rates exhibited by LBVs in quiescence (e.g.
Smith 2014).
84.3. Interpreting the Optical and X-Ray Outbursts
Since the optical and X-ray data were not acquired
contemporaneously, it is difficult to determine whether
or not the X-ray and optical variability share the same
origin. However, the ∼ 0.15 d (∼ 4 hr) lower-limit on
the optical variability timescale is consistent with ob-
served durations of X-ray flares from known SFXTs (a
few hours; Romano et al. 2014).
We can address whether the short timescale (0.15 d
. ∆t . 4 d) and high amplitude (∼ 1 mag) variabil-
ity exhibited by X-2 (Fig. 2) is due to activity from the
stellar counterpart or linked to the binary nature of the
system. LBVs and OB supergiants are known to exhibit
optical variability on similarly short timescales of days
to weeks, but the brightness only varies by up to a few
tenths of a magnitude (e.g. Bresolin et al. 2004). Alter-
natively, LBVs are known to undergo phases of extreme
photometric variability from 1 - 2 mag but on timescales
of years to decades. The short timescale, high amplitude
variability from X-2 is therefore most likely due to the
presence of the compact object and linked to the X-ray
variability.
There are several mechanisms considered for SFXTs
that could account for the short optical flares from X-2.
The flares may be due to accretion of clumpy winds from
the donor star, motion of the compact object through
an asymmetric outflow, and/or “gated” accretion due
to magnetic processes (see Sidoli 2013 and ref. therein).
With the available data on X-2, it is difficult to address
the later mechanism; however, we can study the first two
in the theoretical framework of Bondi-Hoyle accretion
(e.g. Davidson & Ostriker 1973).
Assuming an accreting compact object of mass MCO
is traveling at a velocity vrel relative to the winds from
the supergiant donor star of mass M∗ with a mass-loss
rate M˙w and outflow velocity vw, the accretion rate onto
the compact object can be approximated by
M˙acc = ζ
(GMCO)
2
v3rel
M˙w
a2 vw
, (3)
where a is the orbital separation between the compact
object and donor star, and ζ is the correction factor
for radiation pressure and the finite gas cooling time
(assumed to be ζ = 1, e.g. Oskinova, Feldmeier, &
Kretschmar 2012). The relative velocity between the
winds and the orbital motion of the compact object mov-
ing at a speed of vCO is
vrel =
√
v2CO + v
2
w, (4)
where vCO can be approximated by vCO ≈
√
GM∗/a
assuming nearly circular orbits and M∗ >> MCO. The
X-ray luminosity from the accreting compact object is
then
LX = η M˙accc
2 ≈ η ζ (GMCO)
2
(GM∗a + v
2
w)
3/2
M˙w
a2 vw
c2, (5)
where η is an efficiency factor that depends on the accre-
tion physics and is assumed to be η ∼ 0.1 (e.g. Oskinova,
Feldmeier, & Kretschmar 2012).
In order to test the viability of Eq. 5, we use it to
compare against the orbital period (Porb = 8.95 d) of
the well-studied wind-fed HMXB Vela X-1 (Hiltner et
al. 1972; Lamers et al. 1976; Quaintrell et al. 2003).
We adopt the Vela X-1 supergiant stellar wind velocity,
mass, and mass-loss rate provided by Gime´nez-Garc´ıa et
al. (2016) and the X-ray luminosity derived by Sako et
al. (1999): vw = 264 km s
−1 M∗ = 21.5 M, M˙ = 6.3×
10−7 M yr−1, and LX = 4.5× 1036 erg s−1. Assuming
the mass of the accreting neutron star is MCO = 1.5 M,
we estimate from Eq. 5 and Kepler’s 3rd Law that Porb ∼
16 d, which is within a factor of 2 of the observed orbital
period for Vela X-1. Equation 5 should therefore provide
reasonable estimates or limits for the orbital parameters
of wind-fed X-ray binaries in nearly circular orbits.
First, we consider the scenario where the optical/X-
ray flares were due to the compact object encounter-
ing an asymmetric outflow from the stellar counterpart.
Such mass-loss asymmetries are naturally inferred for
stars that are observed to be rapidly rotating like bona-
fide galactic LBVs (e.g. Groh et al. 2009b). Adopting
the derived mass-loss rate of M˙w ∼ 5 × 10−5 M yr−1
and wind velocity vw ∼ 200 km s−1, and assuming a
donor star mass of M∗ ∼ 30 M and compact object
mass of MCO ∼ 1.5 M, we find from Eq. 5 and Ke-
pler’s 3rd Law that for the range of X-ray luminosities
exhibited by X-2 in outburst, LX = 3.4×1036−1.8×1037
erg s−1,
Porb ∼ 500− 8600 d. (6)
The derived orbital timescales under the asymmetric
outflow scenario are over an order of magnitude longer
than the observed timescales between optical flares (∼
15 d; Sec. 3.1). The timing of the flares in this sce-
nario should also be periodic since they correspond to
the orbital motion of the compact object through the
stellar outflow. The lack of any significant periodicities
identified in a Lomb-Scargle periodogram analysis of the
X-2 optical light and the inconsistency between the the-
oretical and observed flare timescales suggests that the
SFXT flares from X-2 did not originate from interac-
tions between the compact object and an asymmetric
outflow.
We now consider the scenario were the optical/X-
ray flares from X-2 were due to accretion of clumps in
9an inhomogeneous outflow from the stellar counterpart.
Clumping in the winds of massive stars has been obser-
vationally confirmed and is also backed by stellar wind
theory (e.g. Oskinova, Feldmeier, & Kretschmar 2012).
With the observational constraints on the flare duration,
∆t ∼ 0.2− 8 d, and the time between flares, T ∼ 15 d,
the clump volume filling factor, fV , can be estimated for
the stellar outflow of X-2 and compared with the fV of
supergiant winds.
Assuming a simple model where the outflows consist
entirely of clumps with radius Rcl and mass Mcl, the
clump volume filling factor is given by the ratio of the
homogeneous wind density, ρh, and the individual clump
density, ρcl: fV =
ρh
ρcl
. The homogeneous wind and
clump densities can be written as
ρh =
M˙cl
4pi R2 vcl
and ρcl =
Mcl
4/3pi R3cl
, (7)
respectively, where M˙cl is mass-loss from the clumped
outflow, R is the distance between the stellar counter-
part and compact object, and vcl is the clump outflow
velocity. M˙cl can be related to the timescale between the
flares, T , as follows (see Walter & Zurita Heras 2007):
M˙cl =
4R2Mcl
R2cl T
. (8)
By combining Eq. 7 and 8, fV can then be expressed as
fV =
4Rcl
3T vcl
∼ 4 ∆t
3T
, (9)
where we assumed Rcl ∼ vcl ∆t. Given the observed
constraints for X-2 on ∆t ∼ 0.2− 8 d and T ∼ 15 d, we
determine from Eq. 9 that
0.01 < fV < 0.71. (10)
Although the upper limit of fv is not well constrained
from our observations, the range of values for fV over-
laps with observationally derived clump volume filling
factors for massive star winds: fV ∼ 0.02 − 0.1 (e.g.
Bouret, Lanz, & Hillier 2005; Oskinova, Hamann, &
Feldmeier 2007). The additional evidence of “eclipses”
in the light curve, which may arise from optically thick
clumps in the winds of the optical counterpart (Fig. 2),
supports the interpretation of the optical flares as clump
accretion onto the compact object.
5. CONCLUSION
We report time-varying characteristics of the optical
and IR counterpart to IC 10 X-2, a supergiant fast X-ray
transient candidate discovered by its X-ray outbursts in
2004 and 2010 (Laycock et al. 2014). We utilize ob-
servations taken by Spitzer in the mid-IR, WIRC and
TripleSpec in the near-IR, and iPTF at optical bands.
Although there are no concurrent observations with the
X-ray transient events from X-2, the optical and IR data
provide valuable information on the nature of the stellar
counterpart and its outflow that may be contributing to
the X-ray flares.
Near-IR spectroscopy of X-2 reveal moderately re-
solved (∼ 200 km s−1) hydrogen and helium emission
lines that rule out stellar counterparts that exhibit high
wind velocities like OB supergiants and WR stars. The
presence of these lines also rules out the stars that ex-
hibit low ionizing fluxes like A, F, G, or late B super-
giants. The spectra more closely resemble the proper-
ties of an LBV/LBVc. This LBV/LBVc interpretation
is supported by the similar mid-IR color and magnitude
X-2 shares with LBVs observed in the LMC (Fig. 1) and
the 6×10−5 M yr−1 mass-loss rate estimated from the
mid-IR flux assuming it originates from free-free emis-
sion in ionized winds. This mass-loss rate is consistent
with LBVs in quiescence.
The second key result from our analysis is the presence
of short (∼ day) high amplitude (∼ 1 mag) optical flares
and eclipses in the iPTF light curves taken between 2009
and 2017. We interpret the origin of the flares as accre-
tion of optically thick clumps formed in the winds of
the stellar companion in X-2 on to the compact object.
Constraints on the clump volume filling factor in the
stellar winds as determined by the timing and duration
of the optical flares show a range of values that overlap
with the observed clump volume filling factor in massive
star winds.
Currently, only 12 SFXTs (Romano et al. 2014) and
∼ 20 bona-fide LBVs are known. X-2, as an SFXT can-
didate hosting an LBV/LBVc, is therefore at the cross
section of these two rare classes of sources. Future coor-
dinated, multi-wavelength observations of X-2 present a
unique opportunity to study the accretion processes in
SFTXs and the interactions between the compact object
and the mass-loss from an LBV/LBVc companion.
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Table 2. R-band Photometry
Date(MJD) Mag
55514.23616 17.86± 0.02
56488.32939 18.76± 0.03
56488.36582 18.76± 0.03
56489.32626 18.78± 0.04
56489.36289 18.70± 0.03
56491.35721 18.65± 0.04
56498.2898 18.40± 0.03
56500.43422 18.53± 0.01
56501.41988 18.77± 0.03
56501.45605 18.73± 0.03
56502.46742 18.56± 0.04
56503.27465 18.66± 0.03
56503.31132 18.61± 0.03
56505.27163 18.49± 0.02
56505.41425 18.58± 0.03
56513.5047 18.78± 0.06
56515.4967 18.65± 0.03
56516.20826 18.66± 0.03
56516.24802 18.66± 0.02
56518.20242 18.49± 0.04
56518.25131 18.62± 0.03
56518.29041 18.64± 0.03
56520.19334 18.65± 0.04
56520.25701 18.61± 0.04
56520.29488 18.68± 0.04
56529.39718 18.65± 0.03
56529.43346 18.72± 0.04
56529.4695 18.77± 0.06
56532.1597 18.51± 0.04
56532.24578 18.51± 0.02
56532.31912 18.48± 0.02
56537.16429 18.68± 0.03
56537.45612 18.73± 0.03
56537.4925 18.67± 0.02
56539.39483 18.71± 0.02
56539.43118 18.67± 0.02
56539.46814 18.68± 0.02
56541.40691 18.46± 0.03
56541.44414 18.57± 0.02
56543.34669 18.65± 0.02
56543.43679 18.68± 0.02
Table 2 continued
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Table 2 (continued)
Date(MJD) Mag
56545.33896 18.80± 0.04
56546.14125 18.75± 0.04
56546.24068 18.75± 0.03
56546.41507 18.83± 0.02
56548.318 18.64± 0.03
56548.45631 18.58± 0.02
56548.49296 18.56± 0.03
56550.40024 18.04± 0.02
56550.44832 17.99± 0.02
56550.48191 18.13± 0.03
56552.38512 18.51± 0.04
56552.4323 18.68± 0.04
56552.46575 18.55± 0.04
56558.12679 18.82± 0.04
56558.1594 18.77± 0.04
56558.19295 18.75± 0.04
56560.11681 18.68± 0.04
56560.15059 18.72± 0.03
56560.20559 18.67± 0.04
56562.40247 18.88± 0.04
56562.47419 18.80± 0.05
56564.38602 18.75± 0.04
56564.46833 18.70± 0.03
56566.37091 18.63± 0.04
56566.44337 18.73± 0.04
56568.34645 18.73± 0.04
56568.41987 18.76± 0.03
56570.32339 18.87± 0.07
56570.46095 18.71± 0.12
56572.36285 18.83± 0.04
56572.44725 18.81± 0.05
56576.33208 17.48± 0.02
56576.48402 17.32± 0.02
56580.32748 18.64± 0.05
56580.35282 18.64± 0.03
56587.12142 18.21± 0.02
56587.25208 18.23± 0.02
56589.15391 18.51± 0.03
56589.18001 18.46± 0.02
56591.09043 18.56± 0.03
56591.11758 18.54± 0.03
56593.10497 18.68± 0.04
56593.13542 18.72± 0.04
Table 2 continued
Table 2 (continued)
Date(MJD) Mag
56596.09009 18.73± 0.03
56596.29199 18.74± 0.05
56598.19435 18.72± 0.03
56598.27627 18.69± 0.03
56600.19255 18.81± 0.04
56600.35051 18.79± 0.05
56602.25343 18.36± 0.07
56602.27883 18.34± 0.05
56604.23115 18.48± 0.03
56604.40069 18.37± 0.02
56607.08198 18.65± 0.04
56607.28429 18.63± 0.03
56609.17745 18.66± 0.04
56611.10898 18.64± 0.04
56611.13329 18.64± 0.04
56621.29479 18.61± 0.04
56622.08446 18.66± 0.03
56622.10905 18.68± 0.04
56625.20354 18.76± 0.03
56625.23247 18.74± 0.04
56627.30289 18.72± 0.05
56637.08132 18.58± 0.05
56637.10642 18.53± 0.03
56639.10692 18.55± 0.04
56648.0828 18.54± 0.03
56648.10917 18.56± 0.04
56653.09568 18.75± 0.07
56653.13734 18.64± 0.05
56659.08707 18.42± 0.03
56659.1119 18.41± 0.03
56663.09284 18.73± 0.03
56663.11843 18.65± 0.04
56666.08588 18.43± 0.04
56668.0877 18.50± 0.06
56668.11222 18.38± 0.04
56670.08942 18.56± 0.08
56675.09919 18.74± 0.04
56675.14168 18.63± 0.03
56677.21062 18.67± 0.05
56680.10995 18.80± 0.04
56680.1374 18.78± 0.05
56683.09992 17.84± 0.02
56683.13194 17.86± 0.01
Table 2 continued
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Table 2 (continued)
Date(MJD) Mag
56685.1092 18.36± 0.02
56687.10219 18.44± 0.03
56687.14475 18.52± 0.02
56690.1052 18.38± 0.03
56690.15279 18.42± 0.04
56697.11039 18.72± 0.03
56771.50559 18.80± 0.11
56772.50256 18.51± 0.08
56775.49464 18.27± 0.03
56776.49197 18.41± 0.09
56777.48838 18.58± 0.12
56785.46738 18.61± 0.04
56785.49089 18.54± 0.06
56789.45628 19.01± 0.12
56789.48222 18.55± 0.06
56837.47402 18.68± 0.02
56845.45242 18.03± 0.04
56845.47884 18.32± 0.02
56855.46222 18.63± 0.04
56862.27785 19.07± 0.15
56862.3165 19.07± 0.22
56862.3553 18.42± 0.07
56862.38817 18.34± 0.07
56869.37086 18.42± 0.02
56869.40135 18.08± 0.04
56869.43428 18.33± 0.02
56869.46248 17.77± 0.06
56869.49927 18.31± 0.03
56876.41522 18.67± 0.02
56876.44466 18.63± 0.02
56876.45058 18.51± 0.03
56876.48899 18.37± 0.03
56882.38472 18.49± 0.02
56882.45426 18.54± 0.03
56886.40657 18.81± 0.03
56886.43473 18.66± 0.04
56886.46407 18.77± 0.03
56886.48626 18.62± 0.04
56886.49722 18.68± 0.03
56886.50936 18.71± 0.04
56932.49492 18.53± 0.04
56932.52231 18.61± 0.10
56940.10688 18.66± 0.07
Table 2 continued
Table 2 (continued)
Date(MJD) Mag
56972.2089 18.73± 0.04
56972.23176 18.78± 0.05
56979.21826 18.38± 0.05
56980.21221 18.47± 0.03
56986.22259 18.60± 0.04
56986.28578 18.53± 0.05
56987.20258 18.78± 0.03
56987.26433 18.51± 0.13
56988.16044 18.30± 0.05
56989.10013 18.58± 0.04
56989.16557 18.61± 0.03
56990.09579 18.50± 0.08
56990.15965 18.52± 0.02
57000.12383 18.48± 0.05
57000.15459 18.53± 0.04
57001.10524 18.44± 0.03
57001.13257 18.50± 0.02
57011.12233 18.47± 0.03
57011.14887 18.55± 0.03
57014.10122 18.73± 0.04
57014.12328 18.56± 0.05
57015.09928 18.81± 0.05
57015.11895 18.17± 0.13
57018.10068 18.54± 0.04
57018.12509 18.58± 0.04
57019.09567 19.15± 0.15
57019.10936 18.74± 0.05
57030.09887 18.52± 0.04
57030.16275 18.55± 0.04
57036.11696 18.87± 0.08
57037.10262 18.49± 0.03
57037.15286 18.53± 0.04
57038.15338 18.80± 0.15
57039.10544 18.59± 0.03
57039.13707 18.55± 0.02
57040.10478 18.49± 0.03
57040.15436 18.85± 0.11
57041.14765 18.38± 0.03
57042.10102 18.47± 0.02
57042.1477 17.63± 0.05
57043.10185 18.55± 0.14
57043.14678 18.54± 0.03
57046.10066 18.35± 0.05
Table 2 continued
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Table 2 (continued)
Date(MJD) Mag
57046.14241 18.82± 0.09
57047.15525 19.27± 0.29
57059.10799 18.83± 0.04
57059.11758 18.55± 0.04
57063.10801 18.56± 0.04
57063.12001 18.23± 0.07
57064.1092 18.46± 0.07
57064.12826 19.03± 0.09
57168.46631 18.65± 0.07
57179.4764 18.95± 0.11
57180.45855 18.79± 0.04
57185.46873 18.70± 0.07
57198.43492 18.85± 0.08
57198.46803 18.44± 0.08
57207.48208 18.62± 0.03
57210.43863 18.61± 0.03
57210.47753 18.46± 0.07
57214.46127 18.81± 0.05
57218.42646 18.76± 0.03
57218.47632 18.75± 0.02
57230.4439 18.88± 0.05
57237.43162 18.58± 0.03
57237.48108 18.26± 0.07
57239.42503 17.90± 0.04
57239.47012 18.48± 0.05
57242.35853 18.44± 0.05
57242.40331 18.14± 0.04
57245.30272 18.48± 0.03
57245.33991 18.28± 0.05
57248.3374 18.37± 0.05
57248.37045 18.48± 0.02
57251.32752 18.65± 0.05
57251.35716 18.74± 0.04
57267.43427 18.65± 0.03
57267.47725 18.64± 0.04
57363.09105 18.95± 0.07
57369.08424 18.67± 0.04
57369.0931 18.53± 0.04
57374.08289 18.53± 0.03
57374.09191 18.44± 0.03
57400.09411 18.60± 0.04
57400.10291 19.18± 0.08
57425.1106 18.56± 0.13
Table 2 continued
Table 2 (continued)
Date(MJD) Mag
57431.10759 18.53± 0.04
57431.11384 18.56± 0.04
57434.12007 18.53± 0.05
57434.12381 18.58± 0.03
57544.48028 18.67± 0.07
57552.47619 18.56± 0.03
57553.48097 18.48± 0.05
57554.4719 18.56± 0.03
57555.4413 18.46± 0.03
57555.4413 18.45± 0.03
57555.46503 18.39± 0.08
57555.46503 18.45± 0.02
57564.44525 18.62± 0.05
57564.45274 18.63± 0.05
57567.48385 18.74± 0.06
57577.4716 18.77± 0.04
57578.4553 18.73± 0.04
57578.4553 18.52± 0.04
57578.48498 18.67± 0.04
57578.48498 18.69± 0.04
57584.45806 18.70± 0.04
57585.44955 18.69± 0.10
57585.44955 18.83± 0.05
57585.48817 18.80± 0.05
57586.43409 18.76± 0.04
57586.47677 18.84± 0.04
57596.45579 18.69± 0.04
57596.4886 18.77± 0.05
57599.46419 18.78± 0.04
57600.48294 18.64± 0.03
57601.47029 18.76± 0.04
57602.47299 18.83± 0.05
57603.47215 18.85± 0.04
57607.42403 18.75± 0.04
57607.4755 18.73± 0.04
57608.42244 18.72± 0.04
57608.46314 18.76± 0.04
57610.37778 18.90± 0.05
57610.40956 18.90± 0.04
57614.27914 18.52± 0.04
57614.31513 18.54± 0.02
57621.48494 18.77± 0.08
57625.51741 18.71± 0.08
Table 2 continued
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Table 2 (continued)
Date(MJD) Mag
57627.49786 18.87± 0.05
57627.50277 18.83± 0.04
57630.48997 18.80± 0.04
57637.50613 18.67± 0.04
57637.52178 18.79± 0.08
57643.49325 18.66± 0.03
57643.51429 18.68± 0.03
57655.28962 18.88± 0.06
57657.31213 18.71± 0.04
57660.32479 18.71± 0.03
57666.32325 18.86± 0.05
57673.20179 18.50± 0.03
57681.27201 18.87± 0.05
57734.08192 18.61± 0.03
57737.08603 18.63± 0.06
57737.10603 18.58± 0.06
57741.07583 18.45± 0.04
57741.091 18.52± 0.05
57798.12369 18.58± 0.05
Table 3. g-band Photometry
Date(MJD) Mag
55068.47442 19.46± 0.03
55182.10499 20.08± 0.03
55182.14066 20.18± 0.04
55182.17708 20.08± 0.04
55182.24007 20.25± 0.09
55182.27529 20.11± 0.07
55182.31123 19.95± 0.07
55182.34787 20.10± 0.10
56578.38672 20.16± 0.04
56578.42594 20.11± 0.04
56650.12354 20.07± 0.10
56655.10223 20.08± 0.08
56655.13466 20.09± 0.06
56657.09685 19.57± 0.05
56657.13672 19.45± 0.03
56907.24814 20.22± 0.11
56913.47892 20.30± 0.09
Table 3 continued
Table 3 (continued)
Date(MJD) Mag
56913.51227 20.34± 0.07
56920.49168 18.17± 0.07
56920.5219 19.67± 0.07
56925.48542 20.32± 0.08
56925.51464 19.68± 0.07
56935.4322 20.17± 0.03
56936.38448 20.15± 0.09
56936.41448 20.52± 0.11
56940.39396 20.33± 0.11
56941.40683 19.97± 0.10
56944.36186 20.26± 0.07
56944.39101 20.30± 0.07
56946.37385 19.86± 0.05
56946.40318 20.24± 0.08
56949.35029 20.07± 0.05
56949.37965 20.07± 0.04
56950.34933 20.11± 0.02
56950.38148 19.92± 0.13
56951.36521 20.03± 0.04
56951.39894 19.90± 0.06
56952.35101 20.04± 0.03
56952.37968 20.14± 0.04
56953.34565 20.17± 0.05
56954.36273 20.31± 0.05
56954.39161 20.34± 0.04
56955.34692 20.32± 0.06
56955.37579 20.39± 0.08
56958.34337 20.32± 0.05
56965.194 20.42± 0.37
57255.32787 18.93± 0.19
57255.37765 18.81± 0.10
57256.3263 20.45± 0.08
57257.31646 20.30± 0.10
57257.35243 18.95± 0.13
57258.31311 19.11± 0.11
57270.40806 20.25± 0.06
57270.43794 20.45± 0.14
57271.40752 20.38± 0.07
57271.4372 20.59± 0.07
57286.28075 20.47± 0.06
57286.3111 20.36± 0.03
57655.44814 20.50± 0.16
57657.36159 20.20± 0.06
Table 3 continued
Table 3 (continued)
Date(MJD) Mag
57660.37301 20.19± 0.04
57666.37122 20.44± 0.06
57673.16652 20.30± 0.10
57681.22238 20.24± 0.12
57763.10123 20.25± 0.21
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